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Driving safety is of utmost importance in the automobile industry and is acknowledged by
the introduction of the tire wet grip index as part of the EU tire label. The rubber pavement
interaction is determined by the viscoelastic properties of the rubber as well as by the
pavement texture. Nowadays available optical surface profiling instruments allow for a
detailed measurement of surface roughness covering several length scales. This enables
the validation of a mathematical statistical description of pavement texture within the
framework of self-affine surfaces and hence provides a holistic characterization of surface
roughness covering several length scales within a few characteristic parameters.
We deduce within this article the correlation between classical surface roughness pa-
rameters and the parameter set of self-affine surfaces. These parameters allow for a
detailed understanding of the relationship between pavement texture and its wet skid
resistance. We present wet skid resistance measurements with the British pendulum and a
linear friction tester device on different pavement textures. We demonstrate that the so-
called estimated texture depth does not correlate to the surface skid resistance measured
with the British pendulum. Finally, we deduce a dependency of wet skid resistance on
pavement texture which is supported by current models for hysteresis friction.
© 2015 Periodical Offices of Chang'an University. Production and hosting by Elsevier B.V. on
behalf of Owner. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The quantitative evaluation of surface roughness is of major
interest in various industrial applications. The study of road
surface texture is of great importance in pavement engineer-
ing as it determines among other factors the noise emission4164.
ti.de (S. Torbruegge), Burk
al Offices of Chang’an Un
'an University. Production
se (http://creativecommofrom the tire-pavement interface, the frictional forces that can
be transmitted between tire and pavement and the water
drainage capacity (ISO 13473-1: 1997, 1997). Typically these
different applications require studies of the pavement
texture at specific characteristic length scales relevant for
the application. The challenge in studying the relationship
between the pavement wet skid resistance and its texturehard.wies@conti.de (B. Wies).
iversity.
and hosting by Elsevier B.V. on behalf of Owner. This is an open
ns.org/licenses/by-nc-nd/4.0/).
Fig. 1 e Height difference at a given l and its relationship with xk; x2⊥ and H (Solid line indicates a least squares fit of Eqs. (3)
and (4) to HDC(l)). (a) Schematic height profile z(x) highlighting the height difference for a given lateral length scale l. (b)
Height-difference correlation function with three characteristic parameters xk ; x2⊥ and H.
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possibly from centimeter to micrometer. Another challenge
lies within the measurement of wet skid resistance. As
friction always depends on both contact partners which are
sliding with respect to each other (in our case a piece of
rubber or tire and the pavement surface), there exists not a
unique friction coefficient for a given surface but it depends
on the instrument that has been used for the measurement.
A friction coefficient measured on a given pavement texture
always depends on the rubber properties and in addition
also on the measuring conditions (contact pressure, velocity
and temperature). Hence, it is obvious that these conditions
need to be accounted when the relationship between
pavement texture and its wet skid resistance is studied.2. Statistical description of pavement texture
Recently it has been suggested to describe the pavement
texture within the framework of self-affine surfaces (Klu¨ppel
and Heinrich, 2000; Persson, 2001). In the following we will
introduce the concept of self-affine surfaces and the resulting
surface roughness description for this class of surfaces.2.1. Texture description for self-affine surfaces
2.1.1. Height-difference correlation function
For a mathematically analysis of the roughness of a surface
texture we can assume the height profile z(x) to be self-affine,
i.e. for an arbitrary scaling factor L the following trans-
formation property holds true
x/Lx; z/LHz (1)
whereH is the so-calledHurst exponentwhich is related to the
fractal dimension D, D¼3H, 0  H  1.
Note that for simplicity in Eq. (1) a two-dimensional
notation is used. One possibility for the description of the
surface roughness of a self-affine surface is to consider the
height-difference correlation function
HDCðlÞ ¼ 〈ðzðxþ lÞ  zðxÞÞ2〉x (2)where 〈…〉x denotes averaging over x, HDC(l) describes the
mean square height difference of the surface with respect to
the horizontal length scale l.
Fig. 1(a) displays schematically a height profile with the
height difference between two points indicated. In the case
of a self-affine height profile z(x), the height-difference
correlation function can be written as
HDCðlÞ ¼

l
xk
2H
x2⊥ for l< xk (3)
HDCðlÞ ¼ x2⊥ for l< xk (4)
Here we have introduced the correlation lengths xk in
horizontal direction and x⊥ in vertical direction. The power
law in Eqs. (3) and (4) follows directly from the definition in Eq.
(1) of self-affinity and can therefore be used as a criterion for
the self-affinity of a given surface texture. Note that the
height-difference correlation function allows for a roughness
characterization covering many length scales l and that it is
uniquely determined by the three roughness parameters
H; xk and x
2
⊥. Fig. 1(b) depicts exemplarily a HDC(l) plot on a
double logarithmic scale for a self-affine surface texture
with the three roughness parameters indicated.
At small length scales l< xk, the HDC(l) can be well
approximated by the slope from Eq. (3). This implies that the
roughness at each length scale l is increasing in accordance
to the slope 2H until l approaches xk and the roughness at xk
then reaches a saturation level x2⊥. For length scales l> xk,
the surface roughness (or height difference) is not increasing
any more with increasing distance l between two points of
the height profile. Roughly speaking, xk corresponds to the
mean spacing of the aggregates used in an asphalt grading
curve and x⊥ corresponds to their mean height. We will
discuss the meaning of the three parameters in more detail
in the following section.
2.1.2. Practical meaning of x⊥, xk and H for surface texture
The HDC comprises several important features for the
rigorous description of pavement texture. In Fig. 2(a) and (c)
we present two height profiles which have been
manipulated numerically. The impacts of these changes on
Fig. 2 e Manipulated height profiles and the corresponding HDC plots. (a) Height profile z1(x) measured an asphalt concrete
together with a numerically manipulated height profile z2(x)¼ 2z1(x). (b) Corresponding HDC plots calculated from the height
profiles in Fig. 2(a). (c) Height profile z1(x) measured an asphalt concrete together with a numerically manipulated height
profile z2(x) ¼ z1(2x). (d) Corresponding HDC plots calculated from the height profiles in Fig. 2(c).
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for better readability z2(x) was shifted along the z-axis. Please
note that this does not affect the HDC evaluation since here
only relative height differences are calculated.
In Fig. 2(a) the second height profile z2(x) has been
constructed from z1(x) by scaling with a factor of 2 in order
to increase its amplitude at all length scales l. This is for
example a simplification of removal of bitumen captured
between the stones of an asphalt concrete pavement. This
scaling leads to a vertical shift of HDC2(l) in comparison to
HDC1(l) with an increased x
2
⊥ value of x
2
⊥2 ¼ 4x2⊥1 (Fig. 2(b)).
This shift can be proven mathematically by the following
calculation
HDC2ðlÞ ¼ 〈ðz2ðxþ lÞ  z2ðxÞÞ2〉x
¼ 〈ð2z1ðxþ lÞ  2z1ðxÞÞ2〉x
¼ 4〈ðz1ðxþ lÞ  z1ðxÞÞ2〉x
¼ 4HDC1ðlÞ
(5)
Please note that the slope H (and hence the fractal
dimension) as well as the lateral correlation length xk are
unchanged while solely the HDC is shifted vertically. This is in
excellent agreement with the result of Russ (1994).
In the second example we demonstrate the meaning of xk.
In Fig. 2(c) the initial height profile is identical to z1(x) in
Fig. 2(a). Now z2(x) has been created by the numerical
operation z2(x)¼z1(2x). This leads to a stretching of the
height profile along the x-axis. Practically such an effect
may be achieved for example by a shift of the grading
curve of the asphalt recipe to larger grain sizes whichimplies a bigger spacing between the stones. The stretching
of z2(x) becomes visible in the calculated HDC curves in
Fig. 2(d) by a horizontal shift of HDC2(l) and consequently
an increase of xjj2 ¼ 2xjj1. In other words, due to the lateral
stretching of the roughness profile also a larger length scale
l needs to be covered until the asymptotic roughness x2⊥ is
achieved.
2.1.3. Statistical derivation of x⊥
The correlation length x⊥ normal to the surface is closely
related to the varianceVar of themeasured height distribution
of a surface profile. The variance is calculated by
VarðzÞ ¼ 〈zðxÞ  〈z〉2〉 (6)
where 〈z〉 is the mean height of the surface profile. For self-
affine surfaces the variance is related to x⊥ by the following
equations (Klu¨ppel and Heinrich, 2000; Russ, 1994)
VarðzÞ ¼ 1
2
x2⊥ (7)
and consequently
x⊥ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2VarðzÞ
p
¼
ﬃﬃﬃ
2
p
sz ¼
ﬃﬃﬃﬃ
2
p ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
〈z2〉 〈z〉2
q
(8)
Where sz is the mean standard deviation. Note that these
mathematically derived Eqs. (7) and (8) were confirmed
numerically within our thorough studies of asphalt concrete
and porous asphalt surfaces. We will take advantage of this
relation in Section 2.3 for the correlation of the mean texture
depth (MTD) to x⊥.
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height-difference correlation
In the following, we will demonstrate the feasibility of the
height-difference correlation for the characterization of
pavement textures typically found on public roads. For this
purposewe analyzed optical surfacemeasurements of several
road surfaces, namely asphalt concrete and porous asphalt.
The height-difference correlation plots for these two pave-
ment textures are displayed exemplarily in Fig. 3 together
with the corresponding least squares fits of Eqs. (3) and (4).
The fits of Eqs. (3) and (4) to the HDC curves show a very
good agreement for both pavements. Thus it can be concluded
that both pavement textures show self-affinity over several
length scales. This is in excellent agreement with the reported
findings of Klu¨ppel and Heinrich (2000) and Persson (2001).
In next step, we take a closer look to the previously intro-
duced HDC parameters for these two pavement textures. The
porous asphalt shows a larger x⊥ than asphalt concrete. This is
due to the less amount of bitumen used in porous asphalt
resulting in more exposed stones. Also for xjj the difference is
visible. xjj of the porous asphalt is larger reflecting the large
troughs between the stones due to the less amount of bitumen
used and a shift of the grading curve to larger grain sizes for
the porous asphalt in comparison to asphalt concrete. While
xjj and x⊥ reflect more macroscopic shape of the pavement
texture, the slope of the HDC curves yields access to the sur-
face roughness also at microscopic scales down to the
smallest l considered. Also for H, a differentiation between
the two pavement textures is visible in Fig. 3. More precisely,
the porous asphalt exhibits a smaller slope H compared to
the asphalt concrete due to larger roughness (or height
difference) at all length scales l< xjj.2.3. Relation between height difference correlation and
estimated texture depth
In pavement engineering the so-called ‘sand-patch’ method,
or the more general ‘volumetric patch’ method (ASTM
Standard E965-96, 2006) has been used worldwide for many
years to give a very simple measurement describing the
surface macro texture (ISO 13473-1: 1997, 1997). Along with
developments in contactless surface profiling techniquesFig. 3 e HDC(l) plots for porous asphalt and asphalt
concrete pavement (Bold dotted lines indicate least squares
fits of Eqs. (3) and (4) to the measured data).(e.g. laser triangulation setups) it has become possible to
replace the sand-patch method with those derived from
profile recordings. A test method has been established
suitable for determining the mean profile depth (MPD) of a
pavement surface (ISO 13473-1: 1997, 1997). This MPD can be
transformed to a quantity which estimates the macro
texture depth according to the volumetric patch method, the
estimated texture depth (ETD). The ETD can be derived from
height profile measurements by the following relation
ETD ¼ 0:2þ 0:8MPD (9)
where MPD is estimated from a measured surface height
profile z(x) by means of the following equation
MPD ¼ 1
2

max
0xl
zðxÞ þmax
l< xL
zðxÞ

 〈z〉 (10)
where 〈z〉 is the average height level, L is the total profile
length and l¼L/2.
Fig. 4 schematically shows how the MPD is derived from a
measured height profile. Comparing Eq. (10) with Eq. (8) we
observe that MPD definition can be interpreted as a variance-
type equation. Note that in opposite to Eq. (8) for the MPD
only a single value namely the averaged maximum value of
the first and second half of the height profile is considered.
For the practical estimation of the MPD a height profile of
minimum length L¼100 mm is divided into two halves of
length l. A possible inclination slope of the profile (due to some
tilt between measurement setup and pavement surface) is
suppressed by calculation of a regression line and subtraction
of this line and additionally high frequency noise is eliminated
by appropriate low-pass filtering (ISO 13473-1: 1997, 1997). In
Fig. 4 such a processed surface height profile measured on
an asphalt concrete surface is shown. The maximum levels
of the first and the second half as well as the MPD according
to Eq. (10) are indicated. For comparison x⊥ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2VarðzÞp (Eq.
(8)) is also shown.
Since x⊥ relates directly to the standard deviation sz of the
measured height values it is straight forward to expect a
correlation between MPD (consequently also for the ETD due
to the linear relationship in Eq. (8)) and x⊥. However, due to the
singular evaluation of maximums within each half of a height
profile in case of that MPD provides rather poor statistics
compared to x⊥ which reflects the variance of the height
distribution of all measured height values.
In Fig. 5(a) we compare the calculated MPD values for an
asphalt concrete patch of size 100 mm 100 mm. More
precisely, from the 3D measurement 850 single height
profiles were extracted and MPD and x⊥ values have been
calculated respectively. The height profile comparison of
both parameters shows some correlation as presented in
Fig. 5(b). Note that for a rather small patch of asphalt
concrete we registered a broad range of MPD and x⊥ values
ranging from 0.5 mm to 1.2 mm. In addition we also plotted
in Fig. 5(b) the mean values 〈MPD〉 and 〈x⊥〉 calculated by
averaging over all height profiles displayed in Fig. 5(a). These
mean values are based on a larger data set and therefore
should result in a better correlation of MPD and x⊥ due to the
increased statistics, especially for MPD.
Due to this observation wemeasured the surface texture of
several areas of 100 mm  100 mm on different asphalt
Fig. 4 e Definition of mean profile depth (MPD).
Fig. 5 e Relationship between MPD and x⊥. (a) Calculated MPD and x⊥. (b) Correlation between MPD and x⊥.
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mean values 〈MPD〉 and 〈x⊥〉 for each area. The results are
shown in Fig. 6(a). As can be seen a good correlation was
obtained for the mean values ranging from 0.3 mm to
1.4 mm. For completeness the correlation between 〈ETD〉
and 〈x⊥〉 is also shown in Fig. 6(b). Due to the increased
statistics by means of area averaging the correlation
between 〈MPD〉 and 〈x⊥〉 is considerably improved compared
to Fig. 5(b).Fig. 6 e Correlation of the area averaged 〈x⊥〉 versus 〈MPD〉 and
Correlation between <x⊥> and <ETD>.We conclude that this correlation can be applied in future
for asphalt concrete and porous asphalt surface textures and
provides a direct link between characterization of self-affine
surfaces by means of the HDC and the classical surface
roughness parameter ETD. It'sworthmentioning that the HDC
allows for the direct calculation of the ETD whereas the ETD
only allows for the calculation of x⊥, and that a direct calcu-
lation of the two other self-affine parameter xjj and H is not
feasible.〈ETD〉. (a) Correlation between <x⊥> and <MPD>. (b)
j o u rn a l o f t r a ffi c and t r an s p o r t a t i o n e n g i n e e r i n g ( e n g l i s h e d i t i o n ) 2 0 1 5 ; 2 ( 2 ) : 5 9e6 7643. Influence of pavement texture on wet skid
resistance
Within this section we will discuss the interplay of pavement
texture on wet skid resistance.3.1. Influence of ETD and x⊥ on wet skid resistance
Among others tracks need to fulfill the following criteria in
order to qualify as test tracks for wet braking tests within the
EU tire wet grip label (European Tire and Rim Technical Or-
ganization, 2011; Kessel et al., 2013)
 The pavement should consist of dense asphalt constituting
a maximum chipping size of 10 mm.
 The track's macro texture estimated by means of the sand
patch method (ASTM Standard E965-96, 2006) (or ETD)
must exhibit an ETD between 0.4 mm and 1.0 mm.
 The track's wet skid resistance measured by means of the
so called British pendulum (ASTM Standard E303-93, 2008)
must exhibit a value between 42 BPN and 60 BPN.
It is instructive to analyze whether the track's wet skid
resistance measured with the British pendulum is directly
related to its ETD. In Fig. 7, we present wet skid resistance
pendulum measurements carried out on several kinds of
pavement textures with varying ETD. From the correlation
plot in Fig. 7, it is obvious that there is no direct dependency
of wet skid resistance on ETD within the studied ETD levels.
The pendulum measurements are carried out on a thor-
oughlywetted surface area (ASTMStandard E303-93, 2008) at a
slip velocity of the rubber slider of about 2.8 m/s (calculated
based on the conversion of potential kinetic energy and
taken into account the centre of mass of the swinging arm).
Therefore some hydroplaning effects in the contact area
may be expected. However, this is obviously only of minor
impact for the wet skid resistance measured by the
pendulum since, for example from Fig. 7, it follows that a
grip level of 70 BPN is measured on asphalt concrete
surfaces with an ETD between 0.5 mm and 1.0 mm. ThisFig. 7 eWet skid resistance measured with the British
pendulum for various asphalt concrete surfaces with
varying ETD.already covers merely the whole allowed ETD range for EU
tire label wet grip test tracks.
The results of Fig. 7 reflect the fact that an estimation of the
MPD or ETD is not sufficient to deduce the wet skid resistance
of a pavement texture. This is in good agreement with recent
studies of Bu¨rckert et al. (2012). The reason is that MPD and
ETD do not account for the microtexture of a pavement as
well as the spatial distribution of surface roughness. Both
have, however, a significant impact on the wet skid
resistance of a pavement texture (Bu¨rckert et al., 2012). A
direct approach to access the micro texture could be the
HDC function as explained previously in Section 2.3.2. HDC as input for numerical modeling of rubber
friction
Now we want to analyze whether the HDC as a complete
characterization of the surface roughness on microscale and
macroscale can potentially explain the relation between
pavement texture and its wet skid resistance.
Neglecting other friction mechanisms like adhesion, hys-
teresis friction can be seen as the main contributing friction
mechanism for wet grip. This important friction mechanism
describes the viscoelastic energy dissipation in a deformed
rubber volume due to the excitations from the surface texture.
We now give a short introduction to theoretical models for
hysteresis friction. More precisely, we present the main re-
sults for the calculation of hysteresis friction coefficients for a
sliding rubber block on a rough asphalt surface. For more
details, the reader is referred to Klu¨ppel and Heinrich (2000)
and Persson (2001).
We assume a rubber block sliding with velocity v on a
rough surface with roughness given by a simple sinusoidal
shape of wave length l (Fig. 8). Then the deformation
frequency u of the rubber material is proportional to v/l.The
loss modulus or internal damping E
00
(u) of the rubber
material evaluated at the frequency u of deformation can
then be assumed to be proportional to the hysteresis friction
coefficient. Note that the well-known elastic modulus E
0
as
second quantity for the viscoelastic material
characterization of the rubber also has an influence on
hysteresis friction in the sense that it determines the
contact area and the penetration depth of the rubber into
the roughness of the surface. Mathematically, E
0
can be seen
as a proportionality constant for the dependence of the loss
modulus E
00
(u) on hysteresis friction.Fig. 8 e Hysteresis friction.
Fig. 9 e Visualization of material and surface interaction for hysteresis friction.
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surface and material properties in case of hysteresis friction
show that via the definition of the frequency u the surface is
one main influencing parameter. From material physics it is
well-known that the specification of a frequency makes sense
only in combinationwith a specified temperature T. Hence,we
have to write more precisely E
00
(u, T) instead of E
00
(u). As a
consequence, since the internal damping in general strongly
depends on temperature which then also has a strong influ-
ence on hysteresis friction.
For simplicity, we assume two different rough surfaces as
well as two different viscoelastic rubber materials. The two
surfaces are one micro surface with main roughness on a
small length and onemacro surfacewithmain roughness on a
bigger length scale. Their corresponding distributions of fre-
quencies are shown in Fig. 9 in gray color. The two rubber
materials A and B are characterized by a maximal loss
modulus E
00
at low and high frequencies respectively
indicated by black lines lines in Fig. 9. Extending to a
frequency interval of the same physical arguments for the
sinusoidal roughness with single frequency we conclude
that the highest contribution to hysteresis friction is
achieved for coinciding frequency distribution of the surface
roughness and damping of the rubber material. More
precisely, for hysteresis friction the surface texture has to
excite the rubber material within a frequency interval that is
characterized by significant damping. As a result we deduce
again the strong influence of the surface texture and the
temperature on hysteresis friction. For example, the
contribution to hysteresis friction of rubber material A and B
on both surfaces is visualized in Fig. 9. The higher the
common area of the two curves for the surface roughness
and the loss modulus the bigger is hysteresis friction.
It is clear that standard asphalt tracks do not only have
micro or macro roughness but are in general a combination ofboth. State of the art tire tread compounds thus perform
simultaneously on all track roughness. Here, the micro and
macro have just been introduced to illustrate the physical
principle leading to hysteresis friction.
In the case of asphalt concrete tracks the surface rough-
ness extends over several relevant length scales from centi-
meter to micrometer and the previous explanation of
hysteresis friction for a simple sinusoidal roughness has to be
extended. Therefore a roughness characterization over all
relevant length scales is required and we introduced already
the HDC as a tool for such a characterization in Section 3.1. It
is immediately obvious why this kind of roughness
characterization is so important for the case of rubber
friction since the roughness distribution over several length
scales provides directly a link to excitation spectrum within
a sliding rubber block provided by the surface texture for a
given sliding velocity.
The basic idea for the determination of the hysteresis
friction coefficient is to calculate the dissipated energy in a
volumeV of the rubbermaterial during a certain time T via the
formula
Ed ¼
Z
V
Z
T
sðx; z; tÞ_eðx; z; tÞd2xdt (11)
and to deduce on the friction coefficient mHwith the help of the
hysteresis force FH given by
Ed
T
¼ FHv (12)
Equation (11) can then be solved by taking the Fourier
transform with respect to t and by performing the x-
integration as simple multiplication. Moreover, the
constitutive equations are assumed to be linear. For a given
nominal pressure p and a sliding velocity v the hysteresis
Fig. 10 e Experimental and theoretical values of friction coefficients of studied compounds (Experiments have been carried
out with the LPFT at T¼ 20 C, v¼ 1.5 m/s, p¼ 2.5 bar). (a) Friction coefficients for several tread compounds on a wet asphalt
concrete surface. (b) Experimentally measured and theoretically calculated friction coefficients of four different rubber
compounds.
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integral
mH ¼
1
8p2
〈d〉
pv
Zumax
umin
u E
00 ðuÞPSDðuÞdu (13)
Here the power spectrum density (PSD) is roughly speaking
the Fourier transform of the height difference correlation
function and the mean penetration depth 〈d〉 of the rubber
into the rough surface depends on the elasticmodulus E
0
of the
rubber. Eq. (13) of the hysteresis friction coefficient is
generalized to a three-dimensional theory in Persson (2001)
including a length scale depending contact model. Moreover,
this model can be extended by flash temperature effects
(Persson, 2006). In summary, we conclude that the HDC is a
suitable input parameter for the surface roughness in
theoretical calculations of the wet skid resistance.3.3. Rubber friction experiment and simulation
Finally,wewant to compare the results of a friction simulation
for several compounds on a wet asphalt concrete surface to
experimental results. In this case the instrument of choice for
the skid resistance measurement is the new developed linear
portable friction tester (LPFT) device (Mihajlovic et al., 2013;
Wallascheck, 2013). Note that this instrument is an alternative
device to the British pendulum. This device allows to accel-
erate a rubber specimen in contact with the surface to a
desired velocity and to measure the normal and lateral force
(and hence the friction coefficient) during sliding along a track
lengthof about 80 cmat constant velocity. Rubber samples and
geometries are exchangeable within minutes. Normal load
(and hence pressure p) applied onto the sample and sliding
velocity v can be adjusted in order to determine the friction
coefficient m¼m(p,v) as a function of p and v on a given track
surface. This leads to a holistic characterization of the friction
related properties of both rubber compound and surface.
In contrast to this, the British pendulum estimates the skid
resistance of a surface by means of the totally dissipated en-
ergy due to sliding friction of the rubber slider in the contact
patch. The sliding process of the pendulum, however, ishighly non-stationary and leads to a non-constant velocity of
the rubber slider. The higher the skid resistance of the track
the more energy is dissipated during frictional sliding and the
stronger is the deceleration of the rubber slider. The
pendulum gives a measure of the velocity difference between
initial and final velocities of the rubber slider after the slider
left the contact area. Consequently, the British pendulumwith
its non-constant velocity is not the instrument of choice for a
comparison of measured skid resistance to the calculated
friction coefficient m(p,v).
In Fig. 10(a) we present exemplarily friction coefficient
measurements obtained at 20 C on a wet asphalt concrete
surface for four different rubber compounds at a velocity of
1.5 m/s and a contact pressure of 2.5 bar. Prior to the
experiment the surface texture was characterized by means
of a HDC function. The obtained surface parameter sets x⊥,
xjj and H and the rubber characteristics E
0
(u) and E
00
(u) for
each compound were applied in order to simulate the
friction coefficients based on the methodology introduced in
Section 3.2.
As a result we find a good agreement between theory and
experiment. The ranking of the compounds with respect to
their measured friction coefficients is well reproduced by the
simulation (Fig. 10(b)).4. Conclusions
In summary, we introduced the roughness characterization of
self-affine surfaces. We conclude that both the asphalt con-
crete and open porous asphalt tracks exhibit self-affinity
covering several length scales from micrometer to millimeter
which can be visualized by the linear slope within the HDC(l)
logelog plot. As a result of the self-affinity of aphalt tracks the
surface roughness can be characterized by a set of three pa-
rameters x⊥, xjj and H. Furthermore, we demonstrate the in-
fluence of general asphalt texture feature like stone-size and
spacing on these parameters. Moreover, we demonstrate that
the correlation length normal to the surface x⊥ is directly
related to the variance of the height distribution and provided
the fact that a sufficient number of height profiles is
j o u r n a l o f t r a ffi c and t r a n s p o r t a t i o n e ng i n e e r i n g ( e n g l i s h e d i t i o n ) 2 0 1 5 ; 2 ( 2 ) : 5 9e6 7 67evaluated, and that x⊥ is strongly correlated to entities which
are typically applied for surface texture characterization in
pavement engineering, namely the mean profile depths MPD
and estimated texture depth ETD.
We demonstrate that bothMTD and ETD do not correlate to
the surface skid resistance measured with the British
pendulum.We suggest instead that a surface characterization
by means of HDC(l) over several length scales in combination
with a hysteresis friction model which accounts for the
properties of used rubber specimen allows theoretical esti-
mation of the surface wet skid resistance.
From this approach together with measurements of the
surface skid resistance under controlled and constant condi-
tions (v, p, T) we can further analyze the influence of pave-
ment texture on wet skid resistance and deduce an advanced
tool box for the monitoring of our wet braking tracks used in
vehicle based tire testing (Kessel et al., 2013). This approach
furthermore allows a comparison of different wet skid
resistance measurement techniques if all input variables
like rubber specimen characteristics and testing conditions
(v, p, T) are known.r e f e r e n c e s
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